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A SURVEYING INSTRUMENT WITH COMPENSATION FOR MECHANICAL 

ERRORS 

Technical Field of the Invention 

The present invention relates to a surveying instrument, and to a method of operating 
a surveying instrument. 

For the Purpose of this Description and Claims 

The following wordings should for the purpose of this description and claims be 
understood to define the listed descriptions: 

(0,0,0) in a right handed X,Y,Z - coordinate system to be a point on the 
sightline of the surveymg instrument and in the middle of the same for the purpose 
of the calculations. This coordinate system may of course be transformed mto any 
other system having its (0,0,0) placed elsewhere. 

Horizontal angle H is defined by the angle between the Y-axis and the 
projection in the XY-plane of a line through the origin of the coordinate system and 

an arbitrary point P . 

Vertical angle V is defined as the angle between the Z-axis and the 

sightline to the arbitrary point aimed at. 

Aiming should in this context be taken not only as aiming at a specific 
point but also following an arbitrary line. 

True verticality is to be taken as a movement of the sightline along a 

plumb line. 

Description of Related Art 

Total stations are precision survey instruments that allow a user to electronically 
measure the distance, as well as the vertical and horizontal angles, between the total 
station and any points to be surveyed. These types of measurements require a high 
degree of accuracy, vsdth acceptable tolerances measured in arc-seconds for angles 
and millimeters for distance. The manufacture of a prior art total station therefore 
involves high precision trimming and adjustment of certain mechanical parts whose 
function affects the measurements-to-be-performed. 
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In addition to the demand for precision, it is also important that these instruments be 
easy and convenient to use, because of the difficult terrain and other extreme 
conditions that may be present in the location where the total station is to be 
employed. When using a prior art total station, it is necessary for the user to precisely 
level the instrument within a manufacturer-specified range before measurements are 
taken. 

US 6,138,367 discloses a total station that mcludes a rotational alidade portion and 
an angle encoder for measuring the rotational orientation of the rotational alidade 
portion. The total station disclosed by US 6,138,367 further includes tilt sensors 
connected to a tilt predictor. The tilt predictor predicts the degree of tilt of the 
rotational alidade portion of a total station corresponding to the rotational orientation 
of the rotational alidade portion. The tilt predictor is coupled to a screen that displays 
the measurement results to the user. 

Summary 

An aspect of the invention relates to the problem of further simplifying the task for 
an operator of a surveying instrument, while enabling reduced production costs for 
such a surveying instrument. 

According to an embodiment of the invention this problem may be solved by using a 
method for operating a surveying instrument wherein said surveying instrument (10) 
is placed in a orthogonal XYZ-system at (0,0,0) having a movable unit, said 
instrument defining a sight line that is controllably rotatable around a first axis, 
essentially horizontal, and around a second axis, essentially vertical, wherein said 
second axis may be inaccurately positioned so that it deviates from a true vertical 
axis, and said first axis may deviate from being orthogonal to the second axis; the 
method comprising the steps of determining at least one of the following group of 
errors relating to the instrument and/or its location: 
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a) a trunnion axis error T as a function of the deviation from 90 degrees 
between the first axis (50) and the second axis; 

b) a horizontal coUimation error Ch, being the deviation between the sight line 
(128) and the perpendicular angle as related to the first axis; and 

c) a total plumb error defined by components, Pj and Pn, being two separate 
angular values defining the tilt of the instrument as related to the plumb line through 
the same; and 

d) using these determined values in continuously controlling the alignment 
when aiming the instrument. 

The origin of the coordinate system (0,0,0) used in the method is preferably placed in 
the center of the instrument, but using transformations well know to the man skilled 
in the art other setting of the origin is possible. 

It should be noted that of the three errors mentioned above one may be used in the 
method. However, using still another error in the compensation will give a better 
result and using all three of the errors will of course improve the result. 

According to a further embodiment of the invention this problem is addressed by an 
error compensation system for a surveying instrument comprising: 

an automatic error measurement system for detecting a tilt error and an error 
due to mechanical imperfections in said surveying instrument; 

a controller adapted to automatically compensate for said detected errors so as 
to improve an operating accuracy of said surveying instrument. 

This solution advantageously causes a sight line of the surveying instrument to move 
in a vertical direction with reduced or eliminated deviation from true verticality in 
response to a changed vertical reference value. According to an embodiment said 
controller co-operates with said automatic error measurement system so as to cause a 
sight line of said surveying instrument to move in a vertical direction in response to 
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manual control of a vertical direction reference value (Ry) wherein the error from 
true verticality is less than a predetermined amount. 

Likewise, this solution advantageously causes the sight line to move in a horizontal 
direction with reduced or eliminated deviation from true horizontality in response to 
a manually changed horizontal reference value. According to an embodiment said 
controller co-operates with said automatic error measurement system to cause a 
point, on a sight line, at an arbitrary fixed distance from said surveying instrument to 
move in a horizontal direction in response to manual control of a horizontal direction 
reference value (Rh) wherem the error from true horizontal is less than a 
predetermined amount. 

The magnitude of a predetermined threshold value Dp determines the vertical and/or 
horizontal accuracy of the aim achieved. According to an embodiment the threshold 
value Dp corresponds to an angle of ten arc seconds or less. According to another 
embodiment the threshold value Dp corresponds to an angle of one arc second or 
less. According to a preferred embodiment the threshold value Dp corresponds to an 
angle of one third of an arc second. According to a most preferred embodiment the 
threshold value Dp corresponds to an angle of less than one third of an arc second. 
This is advantageous to the user of the surveying instrument, for example when 
inspecting structures such as buildings, "as built". A surveying instrument equipped 
with the error compensation system according to the invention simplifies the task of 
inspecting structures by making it easier to ascertain e.g. whether a wall is truly 
vertical. Moreover, the error compensation system according to the invention makes 
it possible for the manufacturer of the surveying instrument to allow larger 
mechanical imperfections in said surveying instrument without any negative 
consequences to the customer or user. For example, the manufacturer can allow a 
larger tnmnion axis error in tiie surveying instrument. This allows for simplified 
production, which in turn reduces production costs. According to an embodiment of 
the invention the detected errors include tilt errors as well as a trunnion axis error. 
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The above mentioned problem is also addressed by a method of operating a 
surveying instrument having a movable unit that is controUably rotatable around a 
first axis and around a second axis, wherein said second axis may be inaccurately 
positioned so that it deviates from a true vertical axis, and said first axis may deviate 
from being orthogonal to the second axis; the method comprising the steps of: 

a) setting a horizontal reference value Rh indicative of a desired horizontal 
orientation of said movable unit 20; 

b) detecting a horizontal orientation value Hs indicative of a current 
rotational orientation around said second axis 90; 

c) receiving a horizontal orientation correction value Hec; DH indicative of 
a horizontal orientation deviation of said movable unit 20; wherein said horizontal 
orientation correction value Hec; DH is generated in dependence of a transverse 
plumb error value Pi; P*i; said transverse plumb error value Pj; P'l being dependent on 
said horizontal orientation of said movable unit 20; and 

wherein said received horizontal orientation correction value Hec; DH is 
dependent on the vertical orientation V of the movable unit 20 so as to compensate 
for horizontal orientation deviations that may occur as a consequence of pivoting 
around said first axis 50; 

d) generating a horizontal position value H indicative of a current 
horizontal orientation of said movable unit 20 in response to said horizontal 
orientation value Hs and said horizontal orientation correction value Hec; DH; 

e) generating a horizontal error value ch in dependence on said horizontal 
position value (H) and said horizontal reference value Rr; 

f) automatically controlling the horizontal orientation of the movable unit 
(20) in dependence of said horizontal error value ch. 

This solution allows for larger mechanical inaccuracy in the surveying instrument 
while achieving improved accuracy in the aiming of the instrument. Moreover, this 
solution enables an operator to aim in a desired direction with less required user 
interaction. For example, when an operator wishes to move the aim of the sight line 
from a first target in a first horizontal direction and a first vertical direction to a 
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second target in the same horizontal direction but at a different second vertical 
direction; Then this method enables the operator to achieve that goal by the sunple 
action of operating a vertical control knob only so as to change the vertical reference 
value. Whereas a prior art instrument, when being operated with the vertical control 
5 knob only, causes a slight shift in the horizontal aim due to inherent mechanical 
inaccuracies in the instrument and to leveling errors, the instrument according to an 
embodiment of the invention compensates for such inaccuracies. 

Additionally this solution advantageously also allows for lower production costs of 
10 the surveying instrument, since the need for mechanical trimming of the instrument 
in connection with its production may be eliminated, or at least reduced. 

Moreover, this solution enables manufacture of a more sturdy and stable surveying 
instrument, since some mechanical trimming means can be eliminated. Such 
15 mechanical trimming means are often vulnerable to mechanical shock, which may 
render a reduced accuracy when using a surveying instrument with such mechanical 
trimming means aft:er having e^tposed it to mechanical shock e.g. by bringing it on a 
bumpy ride in a car. 

2 0 Rather than mechanically trimming the surveying instrument to adjust e.g. the 

mutual position of the first axis and second axis in connection with manufacture, the 
aim of the surveyuig instrument according to an aspect of the invention is 
automatically adjusted so as to compensate for any mechanical errors. The 
elimination of mechanical trimming means reduces the mechanical complexity of the 

25 instrument and it eliminates or reduces the need for mechanical trimming during the 
production of the surveying instrument. Therefore this solution allows for lower 
production costs. This is because the error determination mechanism is not subject to 
the mechanically induced errors inherent in the fundamental design of the 
instrument, but is totally independent. By determining the exact error as a fimction of 

30 the two different axes of rotation, relative to an independent reference system, and 
automatically incotporating the corrections needed to exactly compensate for the 
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mechanical errors, the invention produces an improved level of accxiracy in the 
actual measurements, and true orthogonality of axis movement; this in turn produces 
much greater conformity to true vertical and horizontal repositioning by the user. 

This solution makes it possible to accurately indicate a vertical line on a wall using 
the apparatus according to an aspect of the invention, even when the apparatus is 
mounted in a non-ideal position, e.g. if the apparatus is not exactly leveled. 

This solution makes it possible to accurately indicate a horizontal line or a line 
between two points on a wall using the apparatus according to an aspect of the 
invention, even when the apparatus is mounted in a non-ideal position, e.g. if the 
apparatus is not exactly leveled. The expression "on a wall" may of course not 
necessarily indicate that the Ime is on a wall but rather that the line is straight and 
essentially perpendicular to the measuring/indicating beam. 

A special application of this feature arises when setting out a horizontal direction 
that is exactly opposite to a given horizontal direction. This can traditionally be 
achieved by turning only the vertical motion knob to change the vertical angle 
approximately 180 degrees. Provided that the axes in the instrument are perfectly 
positioned, the new horizontal direction will be exactly opposite the reference 
direction. If not, the horizontal aim has to be adjusted to achieve the goal. 

BRIEF Description of the Drawings 

For simple imderstanding of the present invention, it will be described by means of 
examples and with reference to the accompanying drawings, of which 

Figure 1 is a front view of a surveying instrument according to an embodiment of the 
invention. 

Figure 2A is a view as seen lookmg in the direction of arrow 130 hi Figure 1, 
illustrating various axes in the surveymg instrument. 
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Figure 2B illustrates the angular direction (H, V) of the sight line, when the 
surveying instrument is aimed at a target for the purpose of performing a 
measurement 

5 

Figure 2C is a view as seen looking in the direction of arrow 140 in Figure 1, for 
illustrating the Horizontal CoUimation error Ch in the surveying instrument of Figure 
L 

1 0 Figure 2D illustrates the trunnion axis error T as seen in the same perspective as the 
observer sees Figure 1. 

Figure 2E illustrates the second axis 90, a truly vertical line 1 55 and the tnmnion 
axis 50 as seen in the perspective the observer sees Figure 1. An angular deviation, 
15 as illustrated in Figure 2E, between the vertical line 155 and the second axis 90 is 
denoted Pj. 

Figure 2F illustrates the second axis 90 in a perspective perpendicular to the 
perspective of Figure 2E* An angular deviation, as illustrated m Figure 2F, between 
20 the vertical line 155 and the second axis 90 is denoted Pn- 

Figure 3 shows a schematic block diagram of a furst embodiment of a control system 
200 for use in a surveying instrument of the type shown in Figure 1 . 

25 Figure 4 is a flow chart illustrating an embodiment of a method of operating a 

surveying instrument when the surveying instrument comprises a control system as 
described with reference to Figure 3. 

Figure 5 shows a schematic block diagram of a second embodiment of a control 
3 0 system for use in a surveying instrument of flie type shown in Figure 1 . 
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Figures 6 and 7 are flow charte illustrating an embodiment of a method of operating 
the control system according to Figure 5. 

Figure 8 is a flow chart illustrating an embodiment of a method of operating the 
surveying instrument in order to create a horizontal line. 

Figure 9 shows a projection in the XY plane of the desired horizontal line at the 
desired height on a flat surface . 

Figure 10 shows a side view through the Z-axis of the mstrument and an arbitrary 
point P on a siirface. 

Figure 1 1 shows two arbitrary points A and B projected on a ZY-plane, essentially a 
flat surface of any orientation. 

Figure 12 is a flow chart illustrating an embodiment of a method of operating the 
surveying instrument in order to create an arbitrary line. 

Detabued Description of Embodiments 

In the following description similar features in different embodiments will be 
indicated by the same reference numerals. 

Figure 1 shows a front view of a surveying instrument 10 of the type commonly 
referred to as a total station or theodolite. An embodunent 10 of a surveymg 
instrument according to the invention includes a movable unit 20, comprising optical 
eqvupment, as represented by a lens 30. The movable unit 20 is supported in a 
housing 40 in such a manner that it is pivotable relative to the housmg 40 around a 
first axis 50, as indicated by double arrow 60. The first axis 50 may also be referred 
to as the trunnion axis. 
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The housing 40 comprises a lower portion 70 by means of which it is supported on a 
base 80 in such a manner that lower portion 70 is rotatable relative to the base 80 
around a second axis 90, as indicated by double arrow 100, The housing 40 may also 
be referred to as the alidade portion 40. 

Thus, by rotating the movable unit 20 around the two axes 50 and 90 the movable 
unit 20 can be oriented in any desired position for the purpose of carrying out an 
intended surveying operation. 

For movement of the movable unit 20 around the axis 50 there is provided a drive 
arrangement 1 10 in the housing 40, and for movement of the housing 40 and the 
movable unit 20 around the axis 90 there is provided a similar drive arrangement 120 
in the lower portion 70 of housing 40. 

During operation the surveying instrument 10 may be set up so that the second axis 
90 extends in a substantially vertical direction (Figure 1). For example, the surveying 
instrument 10 may, during operation, be supported via the base 80 on a stand 122. 
Between the stand 122 and the base 80 there may be provided adjusters 124 for 
enabling leveling of base 80 in relation to the stand 122. The uidividual adjusters 
124, provided between the stand 122 and the base 80, may be expandable and 
contractible to enable setting so that the second axis 90 extends in a substantially 
vertical direction (Figure 1). 

Figure 2A is a view as seen looking in the direction of arrow 130 in Figure 1 . Figure 
2A illustrates various axes in the surveying mstrument. The movable unit 20 (Figure 
1) comprises optical equipment, as represented by the lens 30, and a hak cross 32 
(Figure 2A) defining a sight line 128. The sight line 128 may be aimed at a target for 
the purpose of performing a measurement With reference to Figure 2 A, the sight 
line 128 would, in an ideal case, always be perpendicular to trunnion axis 50. 
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Moreover, the trunnion axis 50 would, in an ideal case, always be perpendicular to 
the second axis 90. 



Figure 2B illustrates the angular direction (H, V) of the sight line, when the 
surveying instrument 10 is aimed at a target 141 for the purpose of performing a 
measurement. Figure 2B illustrates a (non-realistic) ideal case, i.e. when second axis 
90 is exactly vertical, the trunnion axis 50 is exactly perpendicular to axis 90, and the 
sight line 128 is exactly perpendicular to trunnion axis 50. 

Unfortunately, in a real case, there will always exist some mechanical imperfections. 
These imperfections, albeit minute, may cause the direction of the sight line 128 to 
deviate from the perpendicular angle in relation to trunnion axis 50. This angular 
deviation is herein referred to as the Horizontal CoUimation error Ch. Figure 2C is 
an illustration the Horizontal CoUimation error Ch in the surveying instrument 10. 
Figure 2C is a view as seen looking in the direction of arrow 140 in Figure 1. In 
other words. Figure 2C is a view as seen looking down the vertical rotation axis 90 
in Fig. 1. As illustrated in Figure 2C, an axis 150 is perpendicular to the truimion 
axis 50 in the Horizontal plane, and the Horizontal CoUhnation error Ch is the angle 
between axis 150 and the sight line 128. The value of the Horizontal CoUimation 
error Cr may be adjusted by trinaming the position of the haircross 32 (Fig 2A) in 
relation to the lens 30. Any remaining Horizontal CoUimation error Ch can be 
compensated for in the manner described below. 

The departure from right angles between the trunnion axis 50 and the second axis 90 
is herein referred to as the Trunnion axis error T. Figure 2D illustrates the Trunnion 
axis error T as seen in the same perspective as the observer sees Figure 1 . As 
iUustrated in Figure 2D, an axis 154 is perpendicular to the second axis 90, and the 
Trunnion axis error T is the angle between axis 154 and the trunnion axis 50. The 
value of the Tnmnion axis error T may be adjusted by trimming the position of one 
bearing position of the Trunnion axis (Fig 1 and Fig, 2D) in relation to the second 
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axis 90. Any remaining Trunnion axis error T can be compensated in the manner 
described below. 

With reference to Figure 1, the adjusters 124 should ideally be set so that axis 90 is 
vertical. Unfortunately, however, there will often be deviations in a real case. Figure 
2E illustrates the second axis 90, a truly vertical line 155 and the trunnion axis 50 as 
seen in the perspective the observer sees Figure 1 . An angular deviation, as 
illustrated in Figure 2E, between the vertical line 155 and the second axis 90 is 
denoted Pi. Figure 2F Ulustrates the second axis 90 and the truly vertical line 155 as 
seen in the direction of arrow 130 in Fig 1. Hence Figure 2F illustrates the second 
axis 90 in a perspective perpendicular to the perspective of Figure 2E. An angular 
deviation, as illustrated in Figure 2F, between the vertical line 155 and the second 
axis 90 is denoted Pn- The angular deviations Pi and Pn taken together are herein 
referred to as the total plumb error. Hence, the total plumb error may be described by 
the combination of two angular values Pj and Pn- The plumb error values Pi and Pn 
may be adjusted and reduced by means of the adjusters 124 (Figure 1). 

A FIRST EMBODIMENT OF A CONTROL SYSTEM 

Figure 3 shows a schematic block diagram of a first embodiment of a control system 
200 for use in a surveying instrument 10 of the type shown in Figure 1 . 

As indicated above, driver 1 10 is adapted to cause the movement of the movable unit 
20 around the first axis 50, also referred to as the trunnion axis. The angle of 
deviation of the sight line from a truly vertical line is herein denoted V. Hence, 
activation of driver 1 10 is the main cause for change of the angle V. 

Likewise, driver 120 causes the movement of the housing 40 around the second axis 
90. The angle H is the angular deviation from a horizontal reference direction. The 
reference direction may, e.g. be the direction towards north. Hence, activation of 
driver 120 is the main cause for change of the angle H. 
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Control OF VERTICAL OUTPUT VALUE V 

With reference to figure 3, a sensor 210 is provided for detecting the vertically 
angular position of the movable unit 20 relative to the alidade portion 40. The signal 
generated by sensor 210 is denoted Vs. The sensor 210 is connected to a controller 
500 for delivering the detected signal Vs as a negative feedback in the control of 
driver 1 10. The controller 500 has an input 510 for a vertical reference signal Ry 
According to one embodiment the vertical reference signal Ry is generated by user 
interaction, e.g. when a user turns a control knob 520. According to another 
embodiment the vertical reference signal value Ry is derived from co-ordinates 
indicatmg a desired orientation of movable imit 20. 

The sensor 210 is also connected to a calculation unit 220 for delivermg the detected 
signal Vs. The calculation unit 220 is adapted to generate the vertical angle value V 
and the horizontal angle value H, in the manner indicated below. 

The calculation unit 220 comprises a first calculator 230 having an input 240 for 
receiving the detected vertical signal Vs. The first calculator 230 also has an input 
260 for receiving a signal indicative of a Vertical index Vp, and input 270 for 
receiving an signal indicative of a longitudinal plumb error P'n. 

Plumb error values Pi and Pn may be measured by means of electronic tilt sensors 
222 and 224, respectively. The tilt sensors 222, 224 are typically integrated into tiie 
total station, and tiie data from the tilt sensors may be visually displayed to the user 
on a screen present on tiie total station. Plumb error values Pi and Pn may also be 
referred to as tilt error values. 

According to one embodiment an electronic tilt sensor 222, 224 is comprised of a 
vial filled witii fluid. The fluid in the vial is free to move, so tiiat if tiie tih sensors 
are not level, tiie level of tiie fluid in tiie vial is different from tiie fluid level if tiie 
tilt sensors are level. In anotiier embodiment, an electironic tilt sensor 222, 224 
includes elements suspended by wires tiiat are used to determine tiie relationship 
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between the vertical axis of the instrument and the true vertical line. The amount of 
tilt is measured in arc-seconds. Typical electronic tilt sensors are capable of 
measurements within one (1) arc-second of angle. 

According to an embodiment of the invention the surveying instrument 10 includes: 
a housing 40, also referred to as alidade portion 40; tilt sensors 222. 224 coupled to 
said alidade portion, and a tilt predictor 226 adapted to predict degree of tilt of said 
rotational alidade portion correspondmg to a rotational orientation of said rotational 
aUdade portion. This is described m more detail m US 6,138,367, the content of 
which is hereby incorporated by reference. The predicted degree of tilt is defined by 
the combination of the two angular values P'l and P'n. 

In the embodiment shown in Figure 3, the mput 270 in coupled to receive the 
predicted longitudinal plumb error value P'n from the tilt predictor 226. 

According to another embodiment a tilt sensor delivers a longitudinal plumb error 
value Pn directiy on the input 270. 

An advantage attained by the use of a tilt predictor is the provision of a substantially 
instantaneous information of the tilt status. By contrast, a tilt sensor as such is 
relatively slow, and the output has to stabilize before being read, wherefore the 
movable unit 20 would have to remain immobile for a while before the output of the 
tilt sensor becomes reliable. 

According to an embodiment of the invention tiie first calculator 230 generates an 
output signal V in accordance with the following equation: 

V = Vs + Vp + P'n 

wherein Vp is a vertical index value. 
The value of Vp can be selected e.g. such that the output signal V is 90 degrees 
when tiie movable unit 20 is aimed such that the sight line 128 is horizontal. 
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The output signal V is delivered to device 530. The device 530 includes a memory 
having a first memory position 540 for a vertical start value VA, and a second 
memory position 550 for storing a vertical end value. The control system 200A also 
includes a user input device 560. The method of operation of the control system 
200A is described in detail with reference to Figure 4 below. 

It is to be noted that the presence of a longitudinal plumb error value P'n in equation 
(1) inherently renders the vertical orientation of the movable unit 20 dependent on its 
horizontal orientation, when the longitudinal plumb error value Pn deviates from 
zero. This conclusion is due to the fact that the value of the longitudinal plumb error 
Pn varies in response to rotation around the second axis 90. The solution according 
to an aspect of the invention compensates for this inherent drawback by providing a 
control system with a negative feedback, wherein a feedback value V is responsive 
to the longitudinal plumb error value Pn- As described below in connection with 
Figure 4, the value V can be differentiated to generate a vertical orientation 
correction value DV to be used in control of the vertical orientation of the movable 
unit 20. Thus an error in vertical orientation of the movable unit, dependent on the 
horizontal position of the movable unit, can be compensated. This advantageous 
result is clearly illustrated by the Figure 3, showmg 

- that the predictor 226 can calculate the longitudinal plumb error value 
P'n in response to the detected horizontal position Hs, 

- that the first calculator 230 calculates the value V m response to the 
predicted longitudinal plumb error value P'n, 

- that an aim corrector 665 can generate a value DV indicative of a 
vertical deviation, wherein the value DV depends on changes in the value V; 

- that the value DV is used as a negative feedback signal in controller 
500 for adjusting the vertical aim. 



Control of horizontal output value H 
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With reference to figure 3, a sensor 320 is provided for detecting the horizontal 
angular position of the housing 40 relative to the base 80. the signal generated by 
sensor 320 is denoted Hs. The sensor 320 is connected to a controller 600 for 
delivering the detected signal Hs as a negative feedback in the control of driver 120. 
The controUer 600 has an input 610 for a horizontal reference signal Rh- According 
to one embodiment the horizontal reference signal Rh is generated by user 
interaction, e.g. when a user turns a control knob 620. According to another 
embodunent the horizontal reference signal value Rh is derived from co-ordinates 
indicating a desired orientation of movable unit 20. 

The sensor 320 is also connected to the calculation unit 220 for delivering the 
detected signal Hs. The calculation unit 220 is adapted to generate horizontal angle 
value H, in the manner indicated below. 

The calculation unit 220 comprises a second calculator 330 having an input 340 for 
receiving the detected horizontal signal Hs. The second calculator 330 also has an 
input 350 for receiving a caUbration value indicative of a horizontal collimation error 
Ch, and an input 360 for receiving a value indicative of a preset horizontal angle Hp, 
and an input 370 for receivmg an signal indicative of a transverse plumb error Pj. In 
the embodiment shown in Figure 3, the input 370 in coupled to receive a predicted 
transverse plumb error value P'l from the tilt predictor 226. A tilt predictor 
advantageously provides substantially instantaneous mformation of the tilt status, as 
mentioned above. 

According to another embodiment the transverse plumb error P, is received directly 
from a tilt sensor 222. 

The second calculator 330 also has an input 372 for receiving a value mdicative of a 
trunnion axis error T. According to an embodiment of the invention the second 
calculator 330 generates an output signal H in accordance with the following 
equation: 
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H = Hs + Hp + CH/sinV + (T +Pi)* cotV (2) 
wherein Hp is a reference value. 

The value of Hp can be defmed by the user e.g. by aiming the movable unit 20 at a 
known reference target, and entering the horizontal angle to be displayed when the 
movable vmit 20 is aimed towards that reference target. The user may for example 
aim due north, and enter "zero" as the value H to be displayed for that horizontal 
angular position. 

The output signal H is deUvered to device 630. The device 630 includes a memory 
having a first memory position 640 for a horizontal start value Ha, and a second 
memory position 650 for storing a horizontal end value Hb- 

The devices 530 and 630 are coupled to an aim corrector 665. The aim corrector 665 
is coupled to controllers 500 and 600, respectively, so as to enable adjustment of 
vertical and horizontal aun, respectively. The user mterface 560 is also coupled to 
the aim corrector 665. A method of operating the surveying instrument 10 and the 
control system 200 is described in with reference to Figure 4 below. 

According to an embodiment of the invention, the surveying instrument 10 also 
comprises a display 670 by means of which a user can read the measured values V 
and H, respectively. 

It is to be noted that the presence of output signal value V in equation (2) illustrates 
that the horizontal orientation of the movable unit 20 is inherently dependent on its 
vertical orientation. The solution according to an aspect of the invention 
compensates for this mherent drawback by providing a control system with a 
negative feedback, wherein a feedback value H is responsive to the output signal 
value V. As described below in connection with Figure 4, the value H can be 
differentiated to generate a horizontal orientation correction value DH to be used m 
control of the horizontal orientation of the movable unit 20. Thus an error in 
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horizontal orientation of the movable unit, dependent on tiie vertical position of the 
movable unit, can be compensated. This advantageous result is clearly illustrated by 

the Figure 3, showing 

- that the second calculator 330 has an input for receiving the output 

signal value V. 

- that the aim corrector 665 can generate a value DH indicative of a 
horizontal deviation, wherein the value DH depends on changes in the value H; 

- that the value DH is used as a negative feedback signal in controller 
500 for adjusting the horizontal aun. 

A METHOD OF OPERATING A SURVEYING INSTRUMENT 
Figure 4 is a flow chart illustrating an embodiment of a method of operating a 
surveying instrument 10 when the surveying inslxument 10 comprises a control 
system as described with reference to Figure 3. 

An operator wishing to perform a measurement may start by setting up the stand 122 
(See Fig.l) and adjusting the adjusters 124 so as to at least roughly level base 80 of 
the surveying mstrument 10 in relation to a truly horizontal plane. The aim of this 
leveling may be to set the second axis 90 so that it is substantially vertical. 

A set-up procedure 

The operator may perform a set-up procedure (Step 55 in Fig 4) for establishing the 
relevant values of Horizontal CoUimation error Ch and Trmmion axis error T. 
According to a preferred embodiment the set-up procedure also includes initiation of 
the tilt predictor so as to enable quick and accurate delivery of relevant predicted 
plumb error values F, and P'n for any rotational position subsequently selected. In 
figure 4 a box S5 illustrates this set-vqp procedure. 

In order to establish the error value C„ the instrument 10 is aimed at first target, and 
the calculation unit 220 delivers angular values V and H. These values are stored. In 
a subsequent step the instrument 10 is operated so as cause the driver 120 to turn the 
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movable unit half a revolution in the horizontal sense, and so as cause the driver 1 10 
to turn the movable unit in the vertical sense, to an aim very close to the first target. 
Thereafter the instrument is finely adjusted to aiming at the first target again, and 
reading the angular values V and H delivered by calculation unit 220. A numerical 
value representative of the error value Ch can be calculated m response to these 
measurement values. The first target should preferably be selected so that the sight 
line is roughly horizontal for the purpose of achieving an accurate measure of the 
error value Ch- The established Horizontal Collimation error is stored in a 
memory 355. 

A second set-up procedure, similar to the set-up procedure described above, may be 
used for the purpose of estabUshing a numerical value for the trunnion error T. This 
second procedure, however, uses a target that is not close to the horizontal plane. 
The estabUshed value for the trunnion error T is stored in a memory 375. 

When the set-up procedure has been performed the calculation unit 220 of surveying 
instrument 10 delivers angular values V and H with an advantageously high degree 
of acctiracy. 

•niereafler the operator may operate the control knobs 520 and 620 so as to aim the 
sight line 128 onto a reference point (Step 510, Figure 4). Once the instrument is 
aimed at the reference point, the sensors described above will deUver relevant input 
signals to the calculation unit 220, resulting in a delivery of angular values V and H, 
respectively on the outputs of calculation unit 220 . 



A VERTICAL AIM LOCK FUNCTION 

Desiring to change the horizontal aim H by a certain angle, while intending t( 
mamtain unchanged vertical aun V, the operator may now select a function " 
aim lock" (Step 520, Figure 4). This function may be selected by means of a 
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interface 560 (Fig.3). Selection of the vertical aim lock function tells the surveying 
instrument 10 to make automated collections for any deviations in vertical aim. 

The selection of function "vertical aim lock" causes the device 530 to receive the 
angular values of the present aim. Hence, it may be advantageous to aim at a • 
reference target before selection of function "vertical aim lock". Moreover, the 
device 530 reads the value V (See Fig 3), here denoted V^, and stores that value in 
the memory location 540. Similarly, the device 630 reads the value H, here denoted 
Ha and stores the value Ha in the memory location 640. At tiiis stage the operator 
may also be able to read the measured angular values V=Va, H=Ha in the display 
670 (Figure 3). 

In a step (Step 530. Figure 4) the operator may turn the knob 620 for changing the 
horizontal aim by a certain angle, while intending to mamtain unchanged vertical 
aim. Hence the operator may turn only the control knob 620 (Figure 3) for causing 
the movable part 20 to rotate around the second axis 90, as indicated by double 
arrow 100 (Fig. 1). 

When tiie operator has attained the desired horizontal positioning Hb of the 
instrument, the above mentioned mechanical imperfections may have caused a small, 
but measurable change in vertical aim. In other words, the operation of the 
"horizontal" control knob 620 may cause an unintentional or inadvertent change in 
vertical aim. 

According to an embodiment of the invention the values V, H on the outputs of 
calculation miit 220 are automatically read by devices 530, 630, and these values are 
stored in memory locations 550 and 650, respectively. The values stored in memory 
locations 550 and 650 are herein referred to as Vb and Hb, respectively. This is 
iUustrated in (Step 540. Figure 4). It is to be noted that this change of direction 
(vertical in this case) is an ongoing process, but not necessarily Unear in time). Thus 
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new values Vb and He are sent to the memory locations as the movement proceeds 
and the old ones are the new values Va, Ha- 

In a subsequent step (Step 550, Figure 4), the device 530 calculates the difference 
DV between the values Vb and Va, and device 630 calculates the difference DH 
between the values Hb and Ha- 

DV = Vb-Va 

DH = Hb-Ha 

In the next step (Step 560, Figure 4) the values are displayed. 

The differential signal values DV. DH are delivered to an aun corrector 665. When 
the function "vertical aim lock" has been selected, the aim corrector 665 wiU deliver 
the differential signal value DV to controller 500 so as to adjust the vertical aim 
(Step 570, Figure 4). The differential signal value DV is added to the vertical 
position control loop so that the surveying instrument 10 automatically compensates 
for all mechanical deviations m a servo drive fashion. Hence, when the operator has 
selected the function "vertical aim lock" the servo system will allow change m the 
horizontal aim only, and any undesired changes to the vertical aim will be 
automatically compensated. The conlrol system may ttien resort in a last step (Step 
580) to check that the differences in DV and/or DH is above/below a predetermmed 
value and the procedure will then either proceed to Step 530, Fig 4 or exit the 
procedure. 

This method simplifies the work for the operator in that the operator can take an aim 
at any selected reference target, and then directly achieve a vertically correct aim in 
another horizontal direction. Hence, according to an aspect of the invention, any 
imperfections inherent in the mechanical construction causing a change in the 
vertical positioning V wUl be compensated. As indicated above, the compensation in 
the aim can be calculated in accordance with equation (1) above in conjunction with 
0 the procedure described above. 
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A HORIZONTAL AIM LOCK FUNCTION 

Likewise if the procedure is made with the pvurpose of adjusting only the vertical 
aim, i.e. operating only the knob 520, this may cause a non-desired change in the 
horizontal aim H, due to the above mentioned mechanical imperfections. In a 
manner analogous to the manner described above, the operator may then select a 
function "horizontal aim lock" by means of the user interface. Selection of this 
function tells the surveying instrument 10 to make automated corrections for any 
deviations in horizontal aim. When the function "horizontal aim lock" has been 
selected, the aim corrector 665 will deliver the differential signal value DH to 
controller 600 so as to adjust the horizontal aim (Step 570, Figure 4). 

According to an embodiment of the invention the "horizontal aim lock" function 
comprises the steps of: 

generating a horizontal reference value Rh for indicating a selected 
horizontal orientation of said movable unit 20; 

activating a horizontal aim lock function of the surveying instrument 
(10) for maintaining said selected horizontal orientation; 

pivoting said movable unit 20 around said first axis 50 so as to change a 
vertical orientation of said movable unit 20; 

detecting a horizontal orientation value Hg related to rotation around 

said second axis 90; 

receiving a horizontal error value DH indicative of a horizontal 
orientation deviation; said horizontal error value DH being dependent on said 
detected horizontal orientation value Hs; 

automatically controlling a horizontal orientation of the movable unit 20 
in dependence of said horizontal reference value Rh and said horizontal error value 
DH wherein said horizontal error value DH is dependent on the vertical orientation 
of the movable part 20. 

The differential signal values DV, DH may be delivered to the display 670 (See 
Figure 3 and step S60 in Fig 4) enabling the operator to read the values DV, DH in 
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real time, or with a predetermined delay for the purpose of enabling improved 
readability. 

A Second embodiment of a Control System 

Figure 5 shows a schematic block diagram of a second embodiment 200B of a 
control system for use in a surveying instrument 10 of the type shown in Figure 1 . 
The control system 200B operates to control the drive arrangements 110 and 120, 
respectively. 



Vertical AIM 

The control system 200B according to the second embodiment includes a vertical 
sensor 210 delivermg a detected signal Vs to an input 271 of a vertical position 
generator 272. The vertical position generator 272 also has an input 273 for 
receiving a vertical error correction value Vec- The vertical position generator 272 
generates an accurate vertical position value V in response to the values received on 
the inputs 271 and 273. 

The output signal V is deUvered to an input 274 of a first controller 280. The first 
controller 280 also comprises an input 290 for a reference signal value Rv which 
may be set by a user or operator. The reference signal value is indicative of a 
desired value for the output value V. 

An error signal e^ is generated in tiie first controller 280 as a difference between the 
reference signal value Rv and the output signal V. The error signal ^ is delivered to a 
regulator 300. The regulator 300 has an output 310 for a vertical control signal Vc- 

Tlie vertical control signal Vc is delivered to the drive arrangement 1 10 for causing 
an appropriate movement of the movable unit 20 around the trumiion axis 50. In this 
manner the control system 200B conHols the vertical aim in response to the vertical 
reference signal value Rv, using the accurate vertical position value V generated by 
the vertical position generator 272. 
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The vertical error correction value Vec is generated by an error correction generator 
292 in dependence of the vertical index Vp and the vertical plumb error value Pn- 
According to an aspect of the invention the value Vec is calculated as: 

VEc=Vp + P'n 



The values of the vertical index Vp and the vertical plumb error Pn may be attained 
and delivered to the error correction generator 292 in the same manners as described 
above in connection witii tiie earUer described embodiments. The value of Vp can be 
selected e.g. such that the output signal V is 90 degrees when the movable unit 20 is 
aimed such that the sight line 128 is horizontal. In a preferred embodiment tiie 
vertical plumb error value is a predicted value Fn delivered by a predictor 226, as 
described above. A tilt predictor advantageously provides substantially instantaneous 
15 information of tiie tilt status, as mentioned above. 
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Horizontal AIM 

A horizontal sensor 320 delivers a detected signal Hs to an input 371 of a horizontal 
position generator 372. The horizontal position generator 372 also has an input 373 
for receiving a horizontal error correction value Hec- The horizontal position 
generator 372 generates an accurate horizontal position value H in response to the 
values received on the inputs 371 and 373. Horizontal control may be achieved m the 
same manner as described for vertical control above, involving: an input 374 of a 
controller 380 comprising an input 390 for a reference signal value Rh which may be 
set by a user or operator; and an error signal Ch generated dependent on a difference 
between the reference signal value Rh and the accurate horizontal position value H; a 
regulator 400 having an output 410 for a horizontal control signal He for controlling 
a drive arrangement 120 for causing an appropriate movement of tiie housing 40 
around the second axis 90. 
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In this manner the control system 200B controls the horizontal aim in response to the 
horizontal reference signal value Rh, using the accurate horizontal position value H 
generated by the horizontal position generator 372. 

A horizontal correction generator 412 generates the horizontal error correction value 
Hec. According to an aspect of the invention the value Hec is calculated as: 

Hec = Hp + Cn/sinV + (T cotV 
wherein Hp is a constant defining the angular position where the output signal H is 

zero. 

It is to be noted that the above formula is actually a first approximation which is 
valid for small correction parameters (Ch, T. F,. P'n). but the full formula is actually: 

Hec= Hp + Cn/sinV + (T + P'l)* cot(Vp + Vs) ; (V = Vp + Vg + P'n) 
i.e. the value P'n should not be a part of the last term. But T and P'l are small 
corrections and P'n (which is comprised in the approximation) is also small. This 
renders the influence from this parameters to be "of the second order" and thus 
negligible. 

In practice the first formula is used. 

n.e values of the horizontal index Ifr, tnmnion axis error T and the horizontal plumb 
error may be attained in the same manners as described above in comiection with the 
earlier described embodiments. The attained values of Hp. C„. T and P'l are delivered 
to the error correction generator 412, which in turn operates to generate the error 
correction value Hec in response tiiereof. In a preferred embodhnent the horizontal 
plumb error value is a predicted value P'l delivered by a predictor 226, as described 
above. 

An operator may control the reference signal values Ry and Rh- According to one 
version of the invention the signal Rv is generated by a first control knob. Similarly 
the signal Rr may be generated by a second control knob. 
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With reference to Figure 5, control system 200B includes a positional control loop 
section 700. The positional control loop section 700 can operate at a high update rate 
to achieve fast and accurate control of the aim of the movable part 20, as described 
with reference to Figure 6 below. 

The error correction values Vec and Hec may be generated at a lower update rate, as 
described with reference to Figure 7 below. Hence the error correction generators 
292 and 412 may be included in an error correction section 710 of the control system 
200B. 

According to a preferred embodiment of the invention the positional control loop 
section 700 includes a first data processing unit, and the error correction section 710 
includes a second data processing unit; wherein the first data processing unit has a 
higher data processing capacity than the second data processing unit. According to 
another embodiment the sections 700 and 710 may operate with other relations 
between their data processing capacities. 



A method of " r"^*'"g ^ surveying in strument 

Figures 6 and 7 are flow charts Ulustrating an embodiment of amethod of operating 
the control system accorduig to Figure 5. 

With reference to Figure 6, an operator may perform a set-up procedure Step 55, as 
described above before starting to make measurements. The detectors 210. 320 wdl 
deliver signals Vs. Hs indicating the detected aim (step S 1 1 0). The position value 
generators 272 and 372 will receive error correction values Vec and Hec, 
respectively, as indicated by box Step 120 in Figure 6. In response to the detected 
aim and the relevant error correction value the position value generators 272 and 372 
will deliver accurate aim values V and H. respectively. The controllers 280, 380 
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receive reference values Rv and Rh, respectively, which may be set by a user. This is 
illustrated by Step 130 in Figure 6. 

As illustrated by Step 140 in Figure 6. the controllers 280, 380 operate to control the 
aim, that is the positioning of the movable unit 20 (Figure 1), in response to the 
accurate aim values V and H. respectively, and the relevant reference values Rv and 

Rh. 

The steps SI 10, S120, S130 and S140 may run in parallel for the vertical and the 
horizontal aim. After completion of step S140, the procedure is repeated again. 

According to one embodiment of the invention, the method starts in response to a 
detected change in one of the received reference values Rh, Rv This embodiment of 
a method according to the invention includes the steps of: 

a) setting a horizontal reference value Rr indicative of a desired horizontal 
orientation of said movable unit 20; 

b) detecting a horizontal orientation value Hs indicative of a current 
rotational orientation around said second axis 90; 

c) receiving a horizontal orientation correction value Hec; DH indicative of 
a horizontal orientation deviation of said movable unit 20; wherein said horizontal 
orientation correction value Hec; DH is generated in dependence of a transverse 
plumb error value P^; P'l; said transverse plmnb error value Pj; F, being dependent on 
said horizontal orientation of said movable unit 20; and 

wherein said received horizontal orientation correction value Hec; DH is 
dependent on the vertical orientation V of the movable unit 20 so as to compensate 
for horizontal orientation deviations that may occur as a consequence of pivoting 
aroxmd said first axis SO; 

d) generating a horizontal position value H indicative of a current 

horizontal orientation of said movable unit 20 in response to said horizontal 
orientation value Hs and said horizontal orientation correction value HecJ DH; 
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e) generating a horizontal error value ch in dependence on said horizontal 
position value (H) and said horizontal reference value Rh; 

f) automatically controlling the horizontal orientation of the movable unit 
(20) in dependence of said horizontal error value Ch- 

According to a preferred embodiment the method further comprises: 

g) repeatmg steps b) to f) until said horizontal error value ch is smaller 
than a predetermined threshold value Dp. 

The magnitude of the predetermined threshold value Dp determines the accuracy of 
the aim achieved. Accordmg to an embodiment the threshold value Dp corresponds 
to an angle often arcseconds or less. According to another embodiment the threshold 
value Dp corresponds to an angle of one arcsecond or less. Accordmg to a preferred 
embodiment the threshold value Dp corresponds to an angle of one third of an 
arcsecond. According to a most preferred embodiment the threshold value Dp 
corresponds to an angle of less than one third of an arcsecond. 



In a corresponding manner a method accordmg to the invention achieves automatic 
control of the vertical orientation of the movable unU in dependence on the vertical 
2 0 error value ey . According to a preferred embodunent the method comprises the step 
of controlling the vertical orientation of the movable unit so that error ey is less than 
a predetermined threshold value Dyp- 

Figure 7 illustrates a method of delivery of the error correction values Vec and Hec, 
25 respectively. In a step Step 210 error correction generator 292 receives the mput 
values Vp and P'n- As mentioned above, the value of P'n can change in dependence 
of the current position of the alidade portion 40. but the rate of change of the value 
P'n is relatively slow. 
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The error correction generator 292 generates a vertical error correction value m 
response to the input values Vp and P'n (Step 220), and the generated value is 
delivered (Step 230) to the position value generator 272. 

Steps 210, 220 and 230 may be an iterative process so that step 230 is followed by a 
new execution of steps 210, 220 and 230, as indicated in Figure 7. 

The process of generating the horizontal error correction value Hbc is performed in 
the same manner, but on the basis of the input signals T, Pi, Ch, Hp, and V. 

The rate of change of the error correction values wiU, under normal operation, be 
much smaller than the rate of change of the detected position value Vg or Hs in 
response to a changed reference value Rv or R^^. It may therefore be advantageous to 
allocate more computer power to the execution of the method described with 
reference to Figure 6. The separation of the procedures for generating the error 
correction values Vec and Hec from the process of controlling the drivers 110, 120 

advantageously makes it possible to release computer power. This is achieved by 
executing the procedure described with reference to Figure 7 at a lower rate, while 
maintaining a highly accurate control of the positioning. In other words, this 
separation of procedures makes it possible to achieve an accurately updated position 
value and servo control of the positioning with a lower demand on the hardware. 

According to an embodiment the control loop 700 described wilii reference to 
Figure 6 operates with a repetition frequency exceeding 100 tunes per second 
(lOOHz); whereas the procedure accordmg to Figure 7 operates with less than half of 
that repetition frequency. According to one version the error correction values are 
updated at a rate of about one tenth of the repetition frequency of the control loop 
described with reference to Figure 6. 
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According to a preferred embodiment the control loop described with reference to 
Figure 6 operates with a repetition frequency exceeding 1000 times per second 
(lOOOHz). 

The tilt predictor 226 may be included in a third section 720, as illustrated in Figure 
5. The tilt predictor 226 may operate to update predicted plumb error values P'l and 
P'n, respectively, at the same repetition frequency as error correction values Hec and 
Vec are updated. 

The surveying instrument 10 (Figure 1) may include a laser adapted to send light in 
the direction of the sight Une. When an operator changes the vertical reference value 
Rv, while maintaining a constant horizontal reference value, the laser light will 
sweep in a truly vertical fashion. The method according to embodiments of this 
invention will therefore enable the drawing of a very accurately vertical line on a 
waU. since it allows for servo control to eliminate the influence of the mechanical 
errore. Advantageously, the invention makes this possible even when the apparatus is 
mounted in a non-ideal position, e.g. even if the apparatus is positioned so that the 
second axis 90 deviates from the ideal, truly vertical axis. 

Moreover, the surveying instrument 10 according to the invention advantageously 
simplifies for a user to aim in a first compass bearing and to use the surveying 
instrument 10 for indicating a second compass bearing exactly opposite said furst 
compass bearing. A user may. for example furst aim due North, and then achieve an 
aim in the true South compass bearing, by the simple action of pivoting the movable 
unit 20 around the first axis 50. This may be achieved by a method of operating the 
surveying instrument 10; the metiiod comprising the steps of: 

setting a desired fust horizontal orientation of said movable unit 20 so 
that a horizontal component of tiie aim of a sight line 128 of said surveying 
instrument 10 is directed in a first compass bearing; 

pivoting said movable unit 20 around said furst axis 50 so as to change a 
vertical orientation of said movable unit 20 until said horizontal component of tiie 
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aim of said sight line 128 of said surveying instrument 10 is directed in a second 
compass bearing; said second compass bearing deviating from said first compass 
bearing; 

generating a horizontal position value H indicative of a current 
horizontal orientation of said movable unit 20 in response to a horizontal orientation 
correction value Hec; said horizontal orientation correction value Hec being 
dependent on the vertical orientation V of the movable unit 20 so as to compensate 
for horizontal orientation deviations tiiat may occur as a consequence of pivoting 

around said first axis 50; 

automatically contiroUing a horizontal orientation of tiie movable unit 20 
in dependence of said horizontal position value H so that said second compass 
bearing is opposite said first compass bearing. 

According to one embodiment the above described mettiod of operating the 
surveying instrument is performed in response to manual control of tiie direction 
reference value Rv and/or Rh, respectively. This is achieved e.g. when a user 
manually operates the vertical control knob and/or tiie horizontal control knob of die 
surveying instrument. 

According to anotiier embodiment the controller in the surveying instinament is 
adapted to automatically compensate for detected errors during remote contix)l of 
said surveying instrument. In this embodiment there may be provided a receiver (not 
shown) coupled to deliver tiie reference value Rv and/or Rh to tiie input 290 and/or 
input 390, respectively, in Figure 5. A transmitter (not shown) comprising inputs for 
operation by a user is adapted to transmit data indicative of tiie reference value Rv 
and/or Rh to tiie receiver so as to cause tiie surveying instilment to be remotely 
controlled in response to tiie user inputs. The transmitter/receiver may communicate 
in a wireless manner, e.g via a radio link, or by means of modulated light. In one 
version tiie transmitter/receiver communicates optically by means of laser light, 
which is modulated to carry tiie information about tiie reference value Rv and/or R„. 
When a user manually operates control knobs on tiie transmitter for tiie reference 
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value Rv and/or Rh, the transmitter operates to deUver relevant direction data to tiie 
receiver. In response to reception of the direction data the receiver may operate to 
deliver adequate control signals so that to the reference value Rv and/or Rh are 
delivered to the reference value inputs 520, 620, 290, 390. According to a preferred 
5 embodiment the control system 200A, 200B includes a servo processor coupled to 
communicate with the receiver and the reference value inputs 290, 390, 520, 620. 
The transmitter and the receiver may be embodied by transceivers for allowing bi- 
directional communication. 

10 In yet another version of the invention an operator may enter a certain target, in 
terms of co-ordinates or target reference values, via user inputs on the surveyuxg 
instrument itself and in response thereto a processor in the surveying instrument will 
automatically calculate a corresponding direction of the sight line so as to direct the 
sight line towards the target. This may be achieved by entering the corresponding 
direction reference values into inputs 290 and 390 shown in Figure 5. In yet another 
embodunent of the invention the co-ordinates or target reference values are entered 
on user inputs at a remote location and delivered to a transmitter at the remote 
location for transfer to the surveying instrument by means of a transmitter/receiver 
assembly, thereby causing the surveying instrument to automatically direct the sight 
line towards a target defined by the co-ordinates or target reference values. The 
transmitter/receiver assembly may operate in the same mamier as described above. 

In a further embodiment a procedure for a horizontal line function is disclosed. 
In some applications it is an advantage to be able to maintain a constant vertical 
height for setting out points or checking a construction on a wall or sunUar. To do 
25 this the operator may select a function "horizontal Ime" in the instrument menu. 

Selection of "horizontal line" means that the surveying instrument will be controlled 
to make automated corrections of the vertical angle V to maintain a fixed aiming 
hei^t when aiming to objects at known distances. The distances can e.g. be defined 
30 as laying on a predefined flat surface or straight line. To illustrate the fiinction a 
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vertical flat surface will be chosen. It will then be shown how to follow a horizontal 
line on any flat surface. 

The workflow is illustrated in the flow chart in figure 8. The procedure starts by the 
user choosing "horizontal line" from a menu on the instrument in step 801. In step 
802, a surface is defined, which is normally done by defining two arbitrary points (A 
and B) on the surface. This can be done in different ways. Either, the points can be 
aimed at and the coordmates determined by distance and angle measurement using 
the instrument or the coordinates can be inputted mto the instrument from the 
keyboard or they can be fetched from a database. In step 803 a reference height is 
defined. This can also be done in at least two different ways. Either the desired 
height can be inputted from the keyboard or the instrument can be aimed at a 
reference point on the actual surface having the desired height, and this height can be 
registered. Now, the parameters for the desired movement are defined and m step 
804 a knob for horizontal angle change is turned. The instrument then can calculate 
for every horizontal angle the corresponding vertical angle and control the vertical 
servo to aim in the direction in step 805 that constitutes the desired height at the 
surface. In step 806 a decision is taken as to any further movement of the mstrument. 

2 0 The equation for calculating the actual vertical control angle can be derived from 
figures 9 and 10. 

Figure 9 shows a projection of the vertical surface (700) and the instrument (710) m 
the horizontal XY plane. 
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Figure 10 shows a side view through the Z-axis of the instrument and an arbitrary 
pointP on the surface (700).The coordinates (Xa, Ya, Za) and (Xb, Yb, Zb) of pomts 
A and B on the surface can be calculated using the distance and angles measured by 
the instrument; mstrument position bemg (0, 0. 0) m this coordinate system. 
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From these coordinates, the equation of the projection of the surface in a horizontal 
plane can be found, and this defines the angle Ho to a line perpendicular to the 
surface and the perpendicular distance to the surface d. The derivation can be found 
in a textbook on vector algebra. j 

Using the notation from figures 9 and 10 it can be found that: 

tan(7c/2 - V) = h*cos(H - Ho)/d (1) or 

V = 71/2 - arctan[h*cos(H - Ho)/d] (2) 

Thus Ihe vertical angle V defining a constant height h on the given surface can be 

determined for any direction H using equation (2). 

By using this value as an input reference value Rv (this is done in step 805 in Figure 
8) to the vertical servo the instrument wiU always be auned to a point at the surface 
at the same vertical height irrespective of the horizontal aiming. 

TTie procedure as described above is exemplified by en embodiment shown in Figure 

8 in which the steps comprises: 

Step 80 1 Choose "horizontal line" from a menu. 

Step 802 Define two (or three) arbitrary points on the surface. 

Step 803 Input of the desired height value. 

Step 804 Turning of knob for changing the horizontal aim a chosen amount. 

Step 805 The instrument calculates the corresponding vertical angle and automatic- 
ally adjusts the vertical aim to maintain the desired constant vertical 
height. 

Step 806 A decision is taken as to repetition of step 804 - step 805. 

Following a horizontal line on a surface that is not vertical is very similar. The 
difference is that three points are needed to define the surface. Further figure 9 
should be considered as a projection in the XY plane of the desired horizontal line at 
the desired height on the fiat surface. Again known vector algebra will give the 
parameters d and Ho to this projection and the equation for calculating the vertical 
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angle V will be the same. From this it is apparent that it is possible to generate a Une 
with a constant height on a flat surface with any orientation. 

In a further embodiment a procedure for a line function between two arbitrary points 
is disclosed. In some applications it is of interest to let the aim of the instrument 
foUow a strait line between two arbitrary points on a flat surface e.g. on a wall, a 
ceiling or a floor by manipulating only one knob. This function can be achieved in a 
similar mamier as the as the horizontal aim function. Furst the two points have to be 
defined. This can be done in different ways. The coordinates of two points can be 
made available to the instrument from a database, they can be keyed in from the 
keyboard or they can be measured and calculated by the instrument. 

In Figure 1 1 is shown two points A and B projected on the ZY-plane. The points are 
supposed to Ue on a flat surface of any orientation. The angle © and the height Zo 
can both be obtained from the coordinates of A and B by known methods in vector 
algebra. The intention is to control the instrument so that, when turning one knob, 
the aim direction of the instrument will follow a straight line between the points A 
and B. meaning that e.g. the spot of a pointing laser will follow this straight line on 
any flat surface containing the two points. Using the same figure 9 as before, the line 
through points A and B, denoted 700 is now considered to be the projection of tiie 
true line through A and B in the XY-plane and d is the orthogonal distance from the 
instrument to this line. Again tiie equation of the line through the points A and B as 
well as the projected distance d and angle Ho can be determined using known vector 
algebra. Due to die geometry of the setup, the horizontal angle Ho is by definition 
equal to the projected angle in the XY-plane. From figure 9 it is clear that tiie Y- 
coordinate of any point on tiie line can be calculated as: 

Y = d*cos(H)/cos(H-Ho) (3) 

Figure 1 1 shows tiie projection of tiie points A and B on tiie vertical ZY-plane 
From Figure 1 1, it can be found tiiat tiie Z-coordinate of an arbitirary point (P') on 
the line through A and B can be found from: 
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tan(©) = (Z - Zo)/Y which gives 

Z = Zo + Y*tan(©) (4) 
Now, consider a vertical plane through point P' and the instrument (the Z-axis). In 
equivalence to equation (1) we get: 

tan(7t/2- V) = Z*cos(H-Ho)/d or 

V = 7t/2-arctan[Z*cos(H-Ho)/d] (5) 

Substituting Z from (4) and Y from (3) we finally get: 

V = 7t/2 - arctan[Zo*cos(H - HoVd + cos(H)* tan(4>)] (6) 

Thus aiming in an arbitrary horizontal direction H, the corresponding vertical angle 
V to a point on the given line can be calculated, because Zo, Ho and © can aU be 
obtained from the equation of the straight line. This value (V) can then be used as 
reference input to the vertical servo, meaning that when manipulating the knob for 
horizontal aiming, the vertical auning can be controlled so that the total aiming 
follows a straight line between the given two points. Obviously this equation (6) can 
instead be solved for H, meanmg that for an arbitrary vertical angle V, the 
irresponding horizontal angle H can be calculated. This means that by only 
pulating the knob for vertical aiming, a straight line between the given points 
be foUowed by usmg the calculated value for H as mput to the horizontal servo. 
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In Figure 12 a flow chart for this fimction is shown. 
Step 1201 Choose "arbitrary line" from a menu 
Step 1 202 Define end pomt A and B on a surface 

Step 1203 Tummg of either knob or both for horizontal or vertical movement a 
chosen amount. 

Step 1204 The mstrument calculates the corresponding vertical angle and 

automatically adjusts the vertical aim to maintam the desired constant 
vertical height. 
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Step 1205 In which it is decided if the end point has been reached and if not steps 
1203 - 1205 are repeated until end. 

Thus an arbitrary Une may be drawn according to the invention through a method of 
5 operating a surveying instrument according to as earlier described, wherein said 

controller is ad^ted to automaticaUy compensate for detected errors while foUoxying 

an arbitrary straight line between two points using the following steps: 

define two points A and B on a plane, an arbitrary point on this straight line being 

denoted?'; 

10 calculate an angle 0, an angle Ho. a height Zo, where 0 is tiie angle between a 
projected line m the YZ-plane through the instrument 710 (0,0,0), the angle Ho, 
being the angle in the XY-plane between the Y-axis and a line perpendicular to the 
projection of the Une between A and B, and the height Zo being the height over 
ground where said line between A and B crosses the Z-axis, and 

15 use these values to control the movement of the instrument. 

For using the horizontal manual control when aiming in an arbitrary horizontal 
direction H. the corresponding vertical angle V to a point on the line A - B is 
calculated from Zo, Ho and 0. this value V is the used as an input as reference input 
to the vertical servo, allowing a manipulation of the knob for horizontal aiming such 
that the vertical aiming is controUed such as allowing the instrument to follow a 
straight line between said two points. 

For using the vertical manual control when aiming in an arbitrary vertical direction 
25 H the corresponding vertical angle V to a point on the line A - B, where H is 

osculated from Zo. Ho and 0. this value H is the used as an input as reference input 
to the horizontal servo, allowing a manipulation of the knob for vertical aiming such 
that the horizontal aiming is controUed such as to allow the instrument to follow a 
straight line between said two points. 
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